In the frame of developmental assessment and code validation, a post-test calculation of the test QUENCH-07 was performed with ATHLET-CD. The system code ATHLET-CD is being developed for best-estimate simulation of accidents with core degradation and for evaluation of accident management procedures. It applies the detailed models of the thermal-hydraulic code ATHLET in an efficient coupling with dedicated models for core degradation and fission products behaviour. The first step of the work was the simulation of the test QUENCH-07 applying the modelling options recommended in the code User's Manual (reference calculation). The global results of this calculation showed a good agreement with the measured data. This calculation was complemented by a sensitivity analysis in order to investigate the influence of a combined variation of code input parameters on the simulation of the main phenomena observed experimentally. Results of this sensitivity analysis indicate that the main experimental measurements lay within the uncertainty range of the corresponding calculated values. Among the main contributors to the uncertainty of code results are the heat transfer coefficient due to forced convection to superheated steam-argon mixture, the thermal conductivity of the shroud isolation and the external heater rod resistance. Uncertainties on modelling of B 4 C oxidation do not affect significantly the total calculated hydrogen release rates.
Introduction
The QUENCH fuel bundle experiments, performed at the Forschungszentrum Karlsruhe (FZK) in Germany, aim to investigate the hydrogen production and the bundle degradation during reflood of an overheated reactor core. The test QUENCH-07, in which the bundle was cooled from high temperatures by increased steam flow injected from the bottom, was the first experiment in this test series with a boron carbide absorber rod in the bundle [1] .
One major objective of this test was to provide information on the B 4 C -stainless steel (SS) -Zircaloy (Zry) interactions, on the formation of gaseous reaction products during B 4 C oxidation and control rod degradation, and on the impact of control rod degradation on surrounding fuel rods.
The main component of the QUENCH test facility (figure 1) is the test section which has a bundle composed of 20 electrically heated fuel rod simulators with a heated length of 1 m and one absorber rod implemented in the central position. The fuel rod simulators consist of tungsten heating elements within annular ZrO 2 pellets. The cladding is identical to that used in PWRs with respect to material (Zircaloy-4) and dimensions. The absorber rod consists of B 4 C pellets surrounded by a stainless steel cladding and a Zircaloy guide tube.
The test bundle is surrounded by a shroud made of Zircaloy and a porous ZrO 2 thermal insulation, as well as by an annular cooling jacket made of stainless steel. The annulus of the cooling jacket is cooled by a counter-current argon flow. Above the heated zone there is no ZrO 2 fiber insulation, allowing thus higher radial heat losses. This region of the cooling jacket is cooled by a water flow.
The main boundary conditions for the experiment are depicted in figure 2 . The experiment consisted of the following main phases: During all phases except the cooldown superheated steam (3 g/s) and argon (3 g/s) as carrier gas enter the test bundle at the bottom and leave it at the top together with the gaseous reaction products resulting from the oxidation of bundle components. At the start of cooldown the steam flow of 3 g/s was turned off and the cooldown flow of saturated steam (15 g/s) was turned on.
Short description of the code ATHLET-CD
The system code ATHLET-CD (Analysis of Thermal-Hydraulics of LEaks and Transients with Core Degradation) is designed to describe the reactor coolant system thermal-hydraulic response, core damage progression, fission products and aerosol behaviour during severe accidents, to calculate the source term for containment analyses, and to evaluate accident management measures [2] . It is being developed by GRS in cooperation with the Institut für Kernenergetik und Energiesysteme (IKE), University of Stuttgart. ATHLET-CD also includes the aerosol and fission product transport code SOPHAEROS, which is being developed by the French Institut de Radioprotection et de Sûreté Nucléaire (IRSN).
The ATHLET-CD structure (figure 3) is highly modular in order to include a manifold spectrum of models and to offer an optimum basis for further development.
It contains the original ATHLET models for a comprehensive simulation of the thermalhydraulics in the reactor coolant system. The ATHLET code [3] comprises: (a) a thermo-fluiddynamic module, (b) a heat transfer and heat conduction module, (c) a neutron kinetics module, (d) a general control simulation module, and (e) the general solver of differential equation systems FEBE. The thermo-fluid-dynamic module includes two different fluid-dynamics equation systems: (a) a sixequation model, with fully separated balance equations for liquid and vapour, complemented by mass conservation equations for up to 5 different non-condensable gases and by a boron tracking model, and (b) a five-equation model, with a mixture momentum equation and a full-range drift-flux formulation for the calculation of the relative velocity between phases. Specific models for pumps, valves, steam separators, mixture level tracking, critical flow, etc. are also available in ATHLET.
The rod module ECORE consists of models for fuel rods, absorber rods (AIC and B 4 C) and for the fuel assembly including BWR canister and absorber. The module describes the mechanical rod behaviour (ballooning), zirconium and boron carbide oxidation (Arrhenius type rate equation), Zr-UO 2 dissolution, as well as melting of metallic and ceramic components. The melt relocation (candling model) is simulated by rivulets with constant velocity and cross section, starting from the node where rod failure is predicted to occur. The model accounts for oxidation, freezing, re-melting, re-freezing and melt accumulation due to blockage formation. The feedback to the thermal-hydraulics considers steam starvation and blockage formation [4] . Besides the convective heat transfer, energy can also be exchanged by radiation between fuel rods and to surrounding core structures.
The release of fission products is modeled by rate equations or by a diffusion model within the module FIPREM. The transport and retention of fission products and aerosols in the reactor coolant system are simulated by the code SOPHAEROS.
For the simulation of debris bed a specific model MESOCO is under development, with its own thermal-hydraulic equation system, coupled to the ATHLET fluid-dynamics on the outer boundaries of the debris bed. The transition of the simulation of the core zones from ECORE to MESOCO depends on the degree of degradation in the zone. The code development comprises also late phase models for core slumping, melt pool behaviour and vessel failure.
The code system ATHLET/ATHLET-CD can be coupled to the containment code system COCOSYS, and it is the main process model within the German nuclear plant analyzer ATLAS. The ATLAS environment allows not only a graphical visualization of the calculated results but also an interactive control of the simulation.
The code validation is based on integral tests and separate effect tests, as proposed by the CSNI validation matrices [5] , and covers thermal-hydraulics, bundle degradation as well as release and transport of fission products and aerosols. Recent post-test calculations have been performed for the out-of-pile bundle experiments CORA-13, CORA-W2, QUENCH-03, QUENCH-05, QUENCH-06, QUENCH-07, QUENCH-08 and QUENCH-09, as well as for the in-pile experiments PHÉBUS FPT0, FPT1, FPT2 and FPT4. The TMI-2 accident is used to assess the code for reactor applications.
3.
Post-test calculation of QUENCH-07
Input data for ATHLET-CD
The post-test calculation of QUENCH-07 was performed with the code version ATHLET-CD Mod 1.1 Cycle L, including the thermal-hydraulic module ATHLET Mod 2.0 Cycle A.
The input data set was strongly based on the standard data sets used for the calculation of previous QUENCH experiments, particularly for the test QUENCH-06 in the frame of the International Standard Problem ISP-45 [6] . Besides the specific boundary conditions for the experiment, like the electric power, steam and argon mass flow rates and inlet temperatures, the main changes were related to the simulation of the central absorber rod, using the newly implemented models for B 4 C oxidation [7] and for B 4 C-SS interaction [8] .
The input model of the QUENCH test section (figure 4) comprises among others the bundle fluid channel, subdivided into 20 axial nodes (10 nodes within the heated length) and connected via cross flow junctions with a bypass channel to allow flow deviation in the case of blockage formation due to melt accumulation. The rod bundle is simulated within the code module ECORE by two rings, an inner ring (ROD2) containing the absorber rod and 8 heated rods, and an outer ring (ROD3) composed by 12 heated rods. In addition, the five grids, the shroud with its thermal insulation and the outer cooling jacket tube with the counter-current flows of argon (heated region) and water (upper region) have been simulated by fluid-dynamic objects and heat conduction objects of the code ATHLET.
For this calculation the input parameters and modelling options recommended in the code User's Manual [9] have been applied, except for the calculation of Zr oxidation at higher temperatures, for which the correlation of Prater-Courtright instead of Urbanic-Heidrick has been used, based on the experience gained with the calculation of previous QUENCH experiments. Table 1 summarizes the main code input parameters concerning the calculation of Zr and B 4 C oxidation rates, B 4 C-SS interaction and rod melt and relocation.
For the input of the steam/argon temperature at bundle inlet the temperatures measured by the thermocouple T511 have been used, reduced by a constant value (100 K) so that the calculated fluid temperatures at the axial position -250 mm (all elevations are given relative to the bottom of the heated length) agree with the experimental values of the thermocouple TFS 2/1 at this elevation. This procedure has been also adopted for the calculation of the test QUENCH-06 in the frame of the International Standard Problem ISP-45 [6, 10] .
For the external resistance per heated rod, which takes into account the voltage drop across the sliding contacts at the rod extremities as well as at the wires connecting the sliding contacts to the power supply, a value of 4 mΩ per rod was used. 
Discussion of results
The main results of the ATHLET-CD calculation are depicted in the figures 5 to 9, together with the corresponding experimental values. The sequence of main events during the test QUENCH-07 is summarized in the table 2.
Figures 5 and 6 show the axial temperature profiles for the inner rods (ROD2), for the outer rods (ROD3) and for the shroud outer surface (SHROUD) at two representative time points, for the B 4 C oxidation phase (t = 2700 s) and for the start of the transient phase (t = 3150 s). The calculated rod cladding temperatures show a good agreement with respect to the measured ones. The code slightly overestimates the shroud temperatures in the upper part of the heated core length (between 500 and 900 mm) and strongly underestimates the shroud temperatures at the elevations 1050 mm up to 1250 mm. One reason for the high measured shroud temperatures is the routing of the corresponding thermocouples through the so-called hot zone inside the thermal insulation [11] . Figure 7 depicts the radial temperature distribution at the elevation 950 mm, with the time evolution of the cladding temperatures of the inner (ROD2) and of the outer rods (ROD3), of the shroud outer surface temperatures (SHROUD TT/2) and of the cooling jacket inner tube wall temperatures (SHROUD TSR), together with the experimental values. Contrary to the very good agreement between measurement and calculation at other axial positions, ATHLET-CD underestimates the cladding temperatures at the positions 950 and 1050 mm at the end of the first heatup phase (t = 2200 s). This is the region where the largest temperature gradients in the axial direction occur. As shown by the sensitivity analysis described in the next chapter, a finer nodalization in this region leads to improved code results for this test phase.
The temperature escalation due to oxidation at this elevation agrees with the experimental findings. The maximum calculated cladding temperature reached 2630 K. The temperature escalation due to oxidation in the upper parts of the heated region was limited by steam starvation.
Mainly due to convection and radiation, the shroud outer surface temperature follows the heater rod temperature. However the code overestimates the temperature excursion due to oxidation at the final heat-up phase. Furthermore, melting of heat structures besides fuel and control rods cannot be simulated by ATHLET-CD. The experimentally observed shroud failure was thus not reproduced by the code.
The total produced hydrogen mass is shown in figure 8 , together with the contributions of the rod bundle (H2-ROD) and of the control rod (H2-CR). The agreement between calculated und experimental results is very good up to the start of oxidation escalation. ATHLET-CD predicts an earlier beginning of escalation and slightly overestimates the hydrogen production during the final heat-up phase. At cooldown initiation the calculated H 2 generation amounts to 82 g (62 g in the experiment).
The code strongly underestimates the hydrogen production during quench. Besides the lack of modelling of the shroud melting and its associated effects, the code did not take into account the contribution of the oxidation of the external shroud surface, the significant contribution of the oxidation of the molybdenum electrodes -about 22 g [12] -and the possible cracking of oxide layers due to thermal shock. The total amount of H 2 production calculated by the code was 92 g, quite below the experimental value of 177 g [12] , or 130 g, if the contribution of the components not simulated by the code is subtracted. Furthermore, the contribution of the heated rods to the total H 2 production was predicted to be 71 g (89 g in the experiment).
The calculated axial distribution of the ZrO 2 layer thickness in the rod bundle (figure 9) agrees in general with the mean values of the measured distribution at the end of the test, except for the elevation of 750 mm, where ATHLET-CD predicts a strong oxidation, mainly during the quenching phase, and for the uppermost regions, above the heated length, where the oxidation was underestimated.
The predicted hydrogen mass due to control rod and guide tube oxidation amounts to 8.7 g (8 g experimentally). The sum of CO, CO 2 and CH 4 masses resulting from the B 4 C oxidation was predicted to be 17 g, about 15% below the experimental value. This corresponds to an oxidation of 34% of the total B 4 C inventory, which is higher than the value estimated by post test examination (about 20%).
In general, the code was able to reproduce satisfactorily the thermal behaviour of the test bundle during the experiment. Concerning the oxidation phenomena, the calculated results agree with the experimental ones up to the cooldown initiation. During the quenching phase, the hydrogen production was underestimated due to some modelling restrictions as mentioned above.
Combined sensitivity analysis
The post-test calculation of the experiment QUENCH-07 has been complemented by a sensitivity analysis in order to investigate the influence of a combined variation of code input parameters on the calculated results. For this sensitivity study some features of the GRS methodology for code uncertainty and sensitivity analyses [13] have been applied. This methodology is founded on the simultaneous variation of uncertain parameters for each code run, together with a statistical evaluation of code results. All potentially important parameters may be included in the analysis, based on the judgement of the analyst. The number of calculations to be performed does not grow with the number of parameters, and no ranking of input parameters is needed to reduce their number in order to limit computational efforts.
The number of calculations depends only on the desired probability content and confidence level of the statistical tolerance limits used in the uncertainty statement of the results. The required minimum number n of these calculation runs is given by the Wilks's formula [14] . For instance, for one-sided tolerance limits:
where β x 100 is the confidence level (%) that the maximum code result will not be exceeded with a probability of γ x 100 (%) of the corresponding output distribution (fractile). The confidence level is specified to account for a possible influence of the sampling error due to the fact that the statements are obtained from a random sample of limited size. For two-sided statistical tolerance, the corresponding formula is:
According to this formula, a minimum number of 93 calculations is required for a 95% probability and a 95% confidence level.
The probabilistic treatment of parameter uncertainties allows to quantify the state of knowledge about them. In addition to the uncertainty range, the knowledge is expressed by subjective probability density functions or probability distributions. A probability distribution can express that some values in the variation range are more likely the appropriate value than others. In the case that no preferences can be justified, a uniform distribution is specified.
An additional feature of this methodology is the determination of sensitivity measures of the influence of the uncertain input parameters on the range of variation of code results, allowing a ranking of input uncertainties with respect to their relative contribution to the code output variations.
The different steps of this sensitivity analysis were supported by the software system SUSA, also developed at GRS [15] : the input of the uncertain parameters, the definition of their probability distributions, the automatic generation of the ATHLET-CD input data sets with the simultaneous variation of the uncertain parameters, and the statistical evaluation of code results.
Up to 21 input parameters have been identified as a potential source of uncertainties. They can be classified as follows:
• Uncertain parameters related to experimental boundary conditions 1) External heater rod resistance (input WHRES0 in the ATHLET-CD data set) 2) Deviation of the steam inlet temperature with respect to the measured value T511 (input DELTA)
• Uncertain parameters related to material properties The choice of the uncertain parameters and of their range of variation was strongly based on the experience gained by the post-test calculations of previous QUENCH tests as well as on some parametric studies performed for the reference calculation presented in the previous chapter. Table 3 presents the main characteristics of the applied probability distributions. The discrete values of the parameters 8 to 11 have been weighted with the probability 0.4 for the value used in the reference calculation, and 0.3 for the other two values. For the generation of the input data a simple random sampling was used, assuming no dependences among the variables. A total of 100 calculations have been performed. The sensitivity analysis carried out by SUSA can be applied either to single code results (scalars) or to indexdependent output variables (e.g. the time evolution of code results). Besides the main time dependent variables like cladding temperatures and integrated hydrogen generation, the following scalar code results, which characterize the sequence of events during the experiment, have been chosen for the statistical evaluation:
• Cladding temperature at the elevation 950 mm at the end of first heat-up phase (t = 2200 s) The main results of the sensitivity analysis are summarized in the figures 10 to 14. Figures 10  and 11 show the two-sided tolerance limits for the cladding temperatures at the elevation 950 mm and for the total generated H 2 mass. The calculations show a large range of variation for the output variables within the relatively restricted variation range of input parameters. In other words, small variations of input parameters can affect considerably the good agreement between experiment and prediction obtained with the reference calculation. For instance, 5% of all calculations did not even show the occurrence of a cladding temperature escalation due to oxidation.
Nevertheless the experimental results generally lay within the uncertainty range of code calculations. Furthermore, they agree quite well with the medians of all calculations. Exceptions are the cladding temperature at the end of the first heat-up phase ( figure 10 ) and mainly the high hydrogen production during the quenching phase (figure 11), which cannot be reproduced just by changing input parameters or modelling options. If the contribution of the components not simulated by the code is disregarded, the total amount of H 2 obtained experimentally (about 130 g) is still covered by the uncertainty of code results.
The influence of each uncertain parameter on code results can be assessed by the determination of sensitivity coefficients, also available within the GRS methodology. As an illustration, figures 12 to 14 present the sensitivity coefficients obtained with the application of the Spearman's rank correlation [16] for the following scalar code results: the time point for the cladding temperature escalation at the elevation 950 mm, the total generated hydrogen mass, and the hydrogen mass due to B 4 C oxidation. The diagrams show the relative values of the coefficients, and can be explained as follows: the higher the absolute value of the sensitivity coefficient for a given parameter, the higher its influence upon the specific code result. A positive (negative) sensitivity coefficient means that an increase of the uncertainty parameter leads to an increase (decrease) of the code result. For instance, an increase of the input value for the external electrical resistance (parameter 1) leads to a delayed temperature escalation due to oxidation at the elevation 950 mm ( figure 12 ).
The analysis of the sensitivity coefficients shows that the most important uncertainty parameter concerning the simulation of the global thermal behaviour and of the oxidation processes is the convective heat transfer between rod cladding and the steam-argon mixture (parameter 12), followed by the input value for the external electrical resistance (which controls the actual heat power generated within the rods), by the thermal conductivity of the shroud thermal insulation, and, in a lesser extent, by the thermal conductivities of the fuel pellets and of the argon within the upper part of the shroud. The non-prototypic aspects of the test facility have thus a considerable influence on code results.
The actual values of the sensitivity coefficient for the main uncertainty parameters with respect to selected code results are summarized in table 4. The main sources of code uncertainties are thus related to the input of material properties, mainly of thermal conductivities for the test section components and cooling gases, to the description of the bundle geometry through the input of the hydraulic diameters, also needed for the calculation of the heat transfer coefficients (HTC) between cladding (and shroud) and cooling gas, and to the calculation of the heat power actually generated within the test bundle.
The contribution of the chosen nodalization to the uncertainties of code results is not as strong as expected a priori. However the use of a finer nodalization in the upper part of the test bundle, where the highest axial temperature gradients occur, leads to increased cladding temperatures in this region, to an earlier start of temperature escalation due to oxidation, and to a higher hydrogen production, in particular due to increased oxidation of the heat structures like shroud and grids. A finer nodalization also leads to slightly increased melt masses and melt oxidation.
Hydrogen generation is basically controlled by the overall thermal behaviour. The choice of correlations for the description of the Zr oxidation seems to play a secondary role on code uncertainties. In general, the combination of the correlations of Leistikov and Prater/Courtright (input IOXMOD=19) leads to higher H 2 production and better agreement with the experimental results.
An interesting result was obtained by comparing the sensitivity coefficients for the H 2 generation before and after cooldown. The main code uncertainty parameters (heat transfer coefficient, heat conductivities and external resistance) contribute mostly to the calculated amount of H 2 generated before cooldown. Their influence upon H 2 generation during quenching is considerably reduced, what confirms the need of modelling improvement for this phase. Nevertheless, an increase of H 2 production after cooldown can be achieved by increasing the input parameter OXXLIM for the steam starvation model. In this case, less oxidation occurs during the short starvation period before quenching, leading to more Zry available for oxidation after cooldown.
The modelling of B 4 C-SS interaction and B 4 C oxidation does not affect significantly the calculated global thermal behaviour of the test bundle nor the total hydrogen generation. The main uncertainty parameter related to B 4 C oxidation is the multiplication factor of surface area due to porosity (parameter 20, figure 14) . In general the use of the reaction rates derived from VERDI and BOX data leads to a higher production of CO and CO 2 .
The analysis tool SUSA provides the determination of sensitivity coefficients not only for the chosen single code outputs but also for all time-dependent code output variables. This feature allows the investigation of the influence of uncertainty parameters upon the different phases of the experiment. Although the calculation of the heat transfer coefficient between rod cladding and cooling gas is the most important contributor to code uncertainties related to the cladding temperatures, it has a minor importance during the first heat-up phase, which is mainly controlled by the input value for the electrical resistance, followed by the heat capacity of the fuel pellets and by the thermal conductivity of the shroud insulation.
During the pre-oxidation phase the influence of the heat transfer coefficients on calculated cladding temperatures increases, and becomes the main uncertainty parameter controlling the start of temperature escalation due to oxidation. In this last phase before cooldown, the influence of the chosen correlation for Zr-oxidation (main heat source for the upper part of the bundle) on cladding temperatures is also significant.
Although this sensitivity analysis was based on a rather limited number of uncertainty parameters, many of them related to the description of specific features and components of the QUENCH facility (e.g. external resistance or material properties), it provided useful information for modelling improvements and future code applications.
Conclusions
A post-test calculation of the experiment QUENCH-07, complemented by a sensitivity analysis, was performed with the system code ATHLET-CD. The calculated results showed a good overall agreement with the experimental results concerning the thermal-hydraulic behaviour of the test bundle, especially in the heated region.
The sensitivity analysis defined on the basis of the reference calculation provided additional information about the influence of several code input parameters and modelling options on the simulation of the main phenomena observed experimentally.
Results of this sensitivity study indicate that the main experimental measurements lay within the uncertainty range of the corresponding calculated data, except for the increased hydrogen production after cooldown initiation. This indicates a potential need for further modelling improvement.
Among the main contributors to the uncertainty of code results are the calculation of the heat transfer coefficient due to forced convection to superheated steam-argon mixture, the thermal conductivity of the shroud insulation and the input value for the external heater rod resistance. Uncertainties on modelling of B 4 C oxidation do not affect significantly the total calculated hydrogen release rates.
The present study was a first step towards a more general application of the GRS uncertainty methodology for the simulation of severe accidents. It showed that code uncertainty analysis can be a valuable tool to assess and quantify code uncertainties, to identify possible areas for modelling improvements, and to support further code validation. Further steps shall include similar analyses for in-pile experiments included in the ATHLET-CD validation matrix, e.g. in the PHÉBUS facility, and for the TMI-2 accident, in order to increase the range of phenomena covered by the simulation and the database needed for the determination of the code uncertainty parameters. 
